Introduction
============

In their continuing battle against herbivorous insects, plants have evolved sophisticated recognition and adaptation mechanisms to withstand insect attack. In response to herbivory, plants produce proteins and metabolites that interfere with insect physiology ([@bib24]). For instance, protease inhibitors (PI) inactivate digestive enzymes in the gut and reduce insect performance ([@bib54]) whereas chitinases and cysteine proteases target the chitin-rich membrane that lines the gut epithelium ([@bib21]). Examples of secondary metabolites that are toxic to insects include nicotine in Solanaceae or glucosinolates in Brassicaceae ([@bib5]; [@bib19]). In addition, attacked plants emit volatiles that attract predatory mites and parasitic wasps ([@bib46]).

Although herbivory leads to tissue damage, plant responses to chewing insects are more complex than a simple wound reaction. Qualitative and quantitative differences between mechanical wounding and insect attack have been documented ([@bib4]; [@bib58]; [@bib2]; [@bib26]; [@bib37]; [@bib27]; [@bib32]). At the molecular level, microarray experiments have revealed different gene expression patterns between mechanical wounding and insect herbivory ([@bib51]; [@bib56]; [@bib52]; [@bib35]; [@bib49]). During feeding, macerated plant tissues come into contact with insect oral secretions (OS), which contain labial and mandibular saliva mixed with regurgitant. Several studies demonstrated that application of insect OS to artificial wounds can mimic most plant responses to herbivory ([@bib36]; [@bib2]; [@bib17]; [@bib32]; [@bib50]; [@bib29]; [@bib10]; [@bib15]), suggesting that elicitors in OS constitute the principal source of information by which plants recognize insect attack. Indeed, several elicitors have been isolated from insect OS and trigger plant defences against herbivory. For example, β-glucosidase from *Pieris brassicae* induces the release of a volatile blend when applied to wounded cabbage leaves, causing the attraction of the parasitoid *Cotesia glomerata* ([@bib36]). Fatty acid--amino acid conjugates (FACs) are produced by many lepidopteran caterpillars and induce direct and indirect defence responses in plants ([@bib2]; [@bib48]; [@bib18]; [@bib40]; [@bib52]). Caeliferins in OS of the American bird grasshopper, *Schistocerca americana*, are sulphated fatty acids that induce a release of volatiles when applied to damaged leaves of corn seedlings ([@bib1]). Inceptins from *Spodoptera frugiperda* OS are proteolytic fragments of a chloroplastic ATP synthase γ-subunit that are generated in the insect midgut and induce defences in cowpea and beans ([@bib57]).

Just as plants have evolved specific mechanisms to recognize and fend off herbivores, these have, in turn, developed strategies to cope with plant defences. Apart from their exquisite ability to tolerate or detoxify plant defence compounds ([@bib11]), insects release effectors that suppress defences. However, contrary to the case of bacterial, fungal or oomycete pathogenesis where hundreds of effectors delivered into host cells have been documented ([@bib9] [@bib14]), much less is known about defence suppression by insects. Application of OS from *Manduca sexta* to *N. attenuata* suppressed both wound-induced expression of a threonine deaminase gene and nicotine accumulation ([@bib22]; [@bib56]). This effect was triggered by FACs that inhibited the induction of several transcripts ([@bib18]). Another known suppressor is glucose oxidase (GOX), present in the saliva of several caterpillars. GOX application inhibited nicotine production in tobacco ([@bib13]; [@bib43], [@bib41]) and the induction of a defence gene in alfalfa ([@bib6]). An unknown 10--30 kDa compound in OS of the Colorado potato beetle *Leptinotarsa decemlineata* reduced wound-induced accumulation of PI transcripts in tomato ([@bib28]). However, in most of these examples, an effect of defence suppression on insect performance was not tested. Recently, a study reported that the spider mite *Tetranychus evansi* suppressed the induction of tomato defences, leading to a better performance of mites that subsequently attacked these plants ([@bib55]).

Regarding the suppression of defence responses in *Arabidopsis*, only one study has suggested that insect OS can down-regulate gene expression. *S. exigua* caterpillars with impaired salivary secretions triggered a higher expression of defence genes compared with intact caterpillars, but whether this resulted in enhanced larval performance was not tested ([@bib59]). In order to get a deeper insight into the role of insect OS in *Arabidopsis*, a genome-wide screen was carried out to identify wound-inducible genes whose expression was significantly reduced by OS treatment. It was found that OS from both a specialist insect, *Pieris brassicae*, and a generalist insect, *Spodoptera littoralis* suppressed the expression of several genes and that OS-treated plants were more susceptible to insect feeding than wounded plants.

Materials and methods
=====================

Plant material and growth conditions
------------------------------------

Wild-type *Arabidopsis thaliana* (L.) Heynh. ecotype Columbia (Col-0) plants were grown for 5--6 weeks in a growth room (22 °C, 65% relative humidity, 100 μmol m^−2^ s^−1^, 10/14 h light/dark photoperiod). *Arabidopsis coi1-1* (non-glabrous) was obtained from Jane Glazebrook (University of Minnesota, St Paul, MN), *sid2-1* from Christiane Nawrath (University of Lausanne, Lausanne, Switzerland), and *fad3-2 fad7-2 fad8* from John Browse (Washington State University, Pullman, WA). Homozygous seedlings of male sterile *coi1-1* were selected on Murashige and Skoog (MS) medium (2% sucrose, 0.8% agar, and 4.3 g l^−1^ MS) containing 50 μM jasmonic acid (JA) as described previously ([@bib62]) and were transferred to soil after 10 d of growth.

Insect rearing and sampling of oral secretions
----------------------------------------------

*Spodoptera littoralis* (Egyptian cotton worm) eggs were obtained from Syngenta (Stein, Switzerland) and were stored at 10 °C until further use. Eggs were placed in a beaker covered with plastic film in a growth chamber (22 °C, 65% relative humidity, 100 μmol m^−2^ s^−1^, 10/14 h light/dark photoperiod) to allow hatching. *Pieris brassicae* (large white butterfly) was reared in a greenhouse on cabbage plants (*Brassica oleracea*). One day before collecting oral secretions (OS), fourth- to fifth-instar larvae were placed on *Arabidopsis* plants. OS was collected by gently squeezing larvae manually and placing a pipette tip at their mouth. OS was then stored at --80 °C in Eppendorf tubes.

Plant treatments
----------------

Plants were 5--6-weeks-old at the time of treatment. Four holes (1 mm diameter with a cork-borer) were made on five leaves of each of two plants. To each hole, 1 μl of insect OS was immediately applied after perforation and plants were placed in a growth room (22 °C, 65% relative humidity, 100 μmol m^−2^ s^−1^, 10/14 h light/dark photoperiod) for different times. At the end of the treatment, treated leaves were collected in liquid nitrogen and stored at --80 °C. Untreated plants were used as controls.

A preliminary experiment showed that undiluted or 2--5-fold diluted OS were as effective in suppressing gene expression (data not shown). For the boiling experiment, OS was boiled for 4 min at 100 °C before use. For the filtering experiment, OS was filtered through 3 kDa cut-off Microcon™ filters (Millipore AG, Zug, Switzerland) for 60 min at 12 000 rpm. The flow-through was applied to leaf holes. For the FACs treatments, *N*-linolenoyl-L-glutamine (18:3-GLN), *N*-linolenoyl-L-glutamic acid (18:3-GLU), *N*-linoleoyl-L-glutamine (18:2-GLN), and *N*-linoleoyl-L-glutamic acid (18:2-GLN) were obtained from Dr Wilhelm Boland (Max Planck Institute for Chemical Ecology, Jena, Germany). Stock solutions were prepared in EtOH at 100 mM and were diluted to 1 mM in water after sonication. Volicitin was obtained from Peggy Brennan (USDA, Gainesville, FL) and used as a standard. For GOX treatment, glucose oxidase from *Aspergillus niger* (Sigma-Aldrich, Basel, Switzerland) was dissolved in 10 mM sodium phosphate buffer pH 7.0 and 0.0015 U was applied to each hole.

For experiments with signalling mutants, ERF/AP2 TF and protease inhibitor expression was measured after 6 h and 24 h, respectively, in *coi1-1* plants and after 10 h in *sid2-1* plants.

Measurement of water loss
-------------------------

For OS effects on dehydration, four holes were made on 7--8 leaves of each of four plants. To each hole, 1 μl of insect OS was immediately applied after perforation. Treated leaves (30 in total per treatment) were cut at the base of the petiole and placed on a filter paper at room temperature in dim light. Leaf fresh weight was recorded at different times after the treatment.

Insect bioassays
----------------

Twelve second-instar *S. littoralis* larvae were weighed and placed on three *Arabidopsis* plants in one pot. Just before infestation, four holes (1 mm diameter with a cork-borer) were made on five leaves of each of three plants. To each hole, 1 μl of *S. littoralis* OS was applied and plants were placed in a growth room (25 °C, 50% relative humidity, 110 μmol m^−2^ s^−1^, 16/8 h light/dark photoperiod). Untreated plants were used as controls. Each pot was surrounded by a transparent plastic tube, thereby enclosing the larvae, but the top of the tube was left open for aeration. Larvae were fed with treated plants every 24 h for three consecutive days and their final weight was recorded at the end of the experiment. This experiment was repeated eight times.

In the second bioassay, three freshly hatched *S. littoralis* larvae were placed on each of 12 plants (two plants per pot) that were wounded or treated with *P. brassicae* OS. Plants were placed in a transparent plastic box and maintained in a growth room for 7 d (22 °C, 65% relative humidity, 100 μmol m^−2^ s^−1^, 10/14 h light/dark photoperiod). Larval weight was measured at the end of the treatment. This experiment was repeated three times.

Glucose oxidase activity in OS
------------------------------

For GOX activity, 200 μl of glucose and sucrose solution (33 g l^−1^ each) was added to glass fibre discs (Whatman). To each disc, 50 μl of insect OS or 50 μl of a GOX solution (0.1 U μl^−1^ in 10 mM sodium phosphate buffer, pH 7.0) were spotted with 100 μl of horseradish peroxidase (0.016 U μl^−1^ in 10 mM sodium phosphate buffer, pH 7.0) and 100 μl of 3,3′-diaminobenzidine (DAB). The activity of GOX was indicated by the appearance of a black-brown precipitate.

RNA extraction and cDNA synthesis
---------------------------------

Plant tissue was quickly frozen in liquid nitrogen and ground with a cold mortar and pestle. The powder was immediately put into a cold 1.5 ml Eppendorf tube and RNA was extracted with RNeasy Plant Mini Kit (Qiagen, Hombrechtikon, Switzerland) followed by a DNaseI treatment according to the manufacturer's protocol. For cDNA synthesis, 1 μg of RNA and 1 μg of oligo dT (1 μg μl^−1^) were completed to a volume of 15.25 μl with nuclease-free water. Samples were heated at 65 °C for 5 min and then placed on ice for 5 min. After that, 5 μl of M-MLV reverse transcriptase buffer (5×), 2.5 μl of DTT (0.1 M), 1.25 μl of dNTPs (10 mM), and 1 μl of M-MLV reverse transcriptase (Invitrogen, Basel, Switzerland) was added to each sample. Reverse transcription was performed in a PCR machine with the following program: 40 °C for 5 min, 50 °C for 50 min, and 70 °C for 15 min. After a brief centrifugation and a dilution in 75 μl water, cDNA was stored at --80 °C until use. cDNA samples were generated in triplicate from each biological replicate.

Real-time quantitative PCR
--------------------------

The expression of At5g61890 and At3g22620 genes was analysed by quantitative real-time PCR (qPCR) using the fluorescent intercalating dye SYBR-Green. Specific qPCR primers were designed with the following criteria: 24-length optimal primer size, 150--300 product size and Tm between 68--74°C with an optimum at 71 °C. The reference gene was the eukaryote translation elongation factor EIF4A1 (At3g13920) whose expression does not changed in response to wounding ([@bib8]). Gene specific primers were the following: EIF4A1, At3g13920-forward (5′-CCAGAAGGCACACAGTTTGAT-3′), At3g13920-reverse (5′-AGACTGAGCCTGTTGAATCAC-3′); PI, At3g22620-forward (5′-TGTCTCACTTCCCCGTGCTTGTAA-3′), At3g22620-reverse (5′-CTCAGA AGGTCGACTGGTGCTTCC-3′); ERF/AP2 TF, At5g61890-forward (5′-GTCTTCTCGGCCCGATCTCAACAC-3′), At5g61890-reverse (5′-CTCGGATTTCAGCTGCCCACT TTC-3′). For each cDNA, qPCR was performed with the FullVelocity SYBR green kit (Agilent Technologies, Basel, Switzerland) in a final volume of 25 μl containing 12.5 μl of 2× SYBR, 3.75 μl of ROX (1/5000 dilution), 4.25 μl of RNAse-free water, 2.5 μl of primer mix (each primer at 1 μM) and 2 μl of cDNA. Reactions were generated in a qPCR machine (MX3000P™, Agilent Technologies, Basel, Switzerland) with the following program: 95 °C for 10 min; then 45 cycles of 10 s at 95 °C, 20 s at 55 °C, and 30 s at 60 °C. Primer efficiencies (*E *) were assessed by a five-step dilution regression. The expression level of a target gene (TG) was normalized to the reference gene (RG) and calculated as Normalized Relative Quantity (*NRQ*) as follows: *NRQ*=*E*^ CtRG^/*E*^ CtTG^.

Microarray experiments and data analysis
----------------------------------------

For microarray analyses, four 1 mm holes were punctured on five leaves of each of six plants and 1 μl of insect OS was applied to each hole. Treated leaves were harvested 6 h and 24 h after each treatment and immediately stored in liquid nitrogen. Leaves from six untreated plants were collected as controls. Total RNA was extracted and labelled according to a previously published procedure ([@bib7]). Each experiment was replicated three times independently. A microarray containing 22 473 *Arabidopsis* gene-specific tags (CATMA; [@bib20]; [@bib3]) was used for the experiments. Hybridization, scanning, and data analysis were performed as described previously ([@bib50]). Genes up-regulated by mechanical wounding were selected based on a threshold of a 1.5-fold change in gene expression and a *P* value \<0.05. To select genes suppressed by the application of OS to mechanical wounds, genes were identified whose expression ratio in response to wounding was significantly larger than the expression ratio after OS treatment (Student's *t* test, *P* \<0.05).

Results
=======

Identification of genes suppressed by insect OS
-----------------------------------------------

Insect feeding by chewing herbivores is a combination of mechanical wounding and contact with OS. It is, however, experimentally difficult to assess the contribution of each factor to gene expression changes. Indeed, in contrast to bacterial pathogens where genes responsible for the secretion of effectors can easily be mutated, generating insects that lack OS, for instance by ablating salivary glands, is technically challenging and does not necessarily remove all OS components ([@bib42]). To identify *Arabidopsis* genes whose wound-induction might be suppressed by insect OS, a protocol was followed that has been successful in identifying OS-specific responses ([@bib17]; [@bib61]). To mimic wounding caused by feeding larvae, small holes were punctured manually in *Arabidopsis* leaves, whereas, to mimic insect feeding, *S. littoralis* OS was applied to the holes. We used a microarray containing 22473 *Arabidopsis* gene-specific tags ([@bib20]; [@bib3]) and analysed expression changes after wounding or treatment with insect OS. Genes that were significantly induced by wounding were first identified by comparing wounded leaves with untreated leaves (\>1.5-fold, Student's *t* test, *P* \<0.05). Then, amongst wound-induced genes, a search was made for genes that were suppressed by OS application. Specifically, these genes were selected if their induction by wounding plus OS treatment was significantly lower than the induction by wounding alone (Student's *t* test, *P* \<0.05).

Overall, 274 genes were found that were significantly induced by wounding after 6 h and 47 genes after 24 h (see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online). According to our criteria, eight genes were suppressed after 6 h of OS treatment and five genes were suppressed after 24 h ([Table 1](#tbl1){ref-type="table"}). There are two protease inhibitors (At3g22600, At3g22620) that might interfere with proteases in the insect digestive tract and several cell-wall-associated proteins, including two glycine-rich proteins (At3g20470, At4g18280), an hydroxyproline-rich glycoprotein (At5g09530), an arabinogalactan protein (At4g09030), and a protein involved in wax biosynthesis (CER2, At4g24510). Finally, the list contains other proteins of diverse function, including a member of the ERF (ethylene response factor) subfamily B-4 of the ERF/AP2 transcription factor family (At5g61890).

###### 

Genes suppressed by *Spodoptera littoralis* oral secretions (OS) Genes induced by wounding after 6 h or 24 h were selected from microarray data (expression ratio \>1.5 and *P* value \<0.05, Student's *t* test). Then, genes suppressed by *Spodoptera littoralis* OS were selected if the expression ratio in response to wounding was significantly larger than the expression ratio in response to OS treatment. Expression ratios (±SE) are the average of six (wounding) and three (OS) independent experiments. Genes in bold were selected for further experiments. *P* values refer to the comparison between wounding and OS treatment (Student's *t* test).

                                                        Expression ratio               
  ------------------ ---------------------------------- ------------------ ----------- ---------
  *Treatment 6 h*                                                                      
  **At5g61890**      **ERF/AP2 transcription factor**   3.32±0.59          1.41±0.28   \<0.001
  At3g20470          Glycine-rich protein (GRP-5)       2.15±0.15          1.22±0.12   \<0.001
  At4g18280          Glycine-rich protein               2.04±0.15          1.22±0.04   \<0.001
  At1g73330          Protease inhibitor (DR4)           1.96±0.26          1.11±0.11   \<0.001
  At1g05300          Metal transporter (ZIP5)           1.89±0.30          0.96±0.10   \<0.01
  At4g24510          Eceriferum protein (CER2)          1.62±0.09          1.07±0.05   \<0.001
  At1g75900          Extracellular lipase 3 (EXL3)      1.57±0.30          0.83±0.12   \<0.05
  At1g51090          Heavy-metal-associated protein     1.55±0.14          1.01±0.15   \<0.01
  *Treatment 24 h*                                                                     
  **At3g22620**      **Protease inhibitor**             5.34±0.62          1.60±0.28   \<0.001
  At5g09530          Hydroxyproline-rich glycoprotein   5.69±0.71          1.46±0.32   \<0.001
  At5g05340          Peroxidase                         2.96±0.35          1.56±0.18   \<0.001
  At1g28400          Unknown protein                    2.35±0.38          1.33±0.06   \<0.001
  At4g09030          Arabinogalactan-protein (AGP10)    1.90±0.14          1.35±0.20   \<0.001

To confirm that the observed suppression has biological relevance, our data were compared with similar experiments carried out previously in our laboratory. Using a microarray containing *c*. 7200 *Arabidopsis* genes, expression changes in response to feeding by *Pieris rapae* or *S. littoralis* larvae, and in response to wounding, had been measured ([@bib50]). Six of the 13 suppressed genes identified in the present study had probes on this microarray. Although the experimental set-up was different, five genes had a significantly weaker induction in response to insect feeding than in response to wounding, providing an independent confirmation of our results (see [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online).

OS application to wounds enhances insect performance
----------------------------------------------------

Our observation that OS application to wounds suppressed the induction of several genes potentially involved in defence suggested that chewing insects have evolved this mechanism to counteract the wound response of the plant. It was therefore tested whether OS treatment might enhance the performance of feeding larvae. Second-instar *S. littoralis* larvae were placed on *Arabidopsis* plants that were either intact, wounded, or treated with *S. littoralis* OS. Every day for three consecutive days, larvae were transferred to freshly treated plants. Larvae gained significantly more weight on intact plants than on wounded plants, confirming that plants activate defence genes in response to wounding. However, larvae grew significantly better on plants treated with OS than on wounded plants, suggesting that the suppression of wound-inducible genes was correlated with a higher insect performance ([Fig. 1A](#fig1){ref-type="fig"}).

![Insect OS suppress *Arabidopsis* defences. (A) Weight gain of *S. littoralis* larvae feeding on control plants (white bar), wounded plants (black bar), or on plants treated with *S. littoralis* OS (dark grey bar) was measured after 3 d. Every day, 12 larvae were transferred to freshly treated plants. Values (±SE) are the mean of eight independent measurements. Bars with different letters differ at *P* value \<0.05 (Student--Newman--Keuls Method). (B) Weight gain of *S. littoralis* larvae feeding on wounded plants (black bar) or on plants treated with *P. brassicae* OS (light grey bar) was measured after 7 d. Values (±SE) are the mean of three independent experiments. \**P* value \<0.05 (Student's *t* test).](jexboterr308f01_ht){#fig1}

In a similar experiment, it was tested if OS from one insect reduces plant defences that are effective against another insect. Indeed, freshly hatched *S. littoralis* gained more weight after feeding for 7 d on plants that had been treated once with *P. brassicae* OS compared with larvae feeding on plants that had been wounded ([Fig. 1B](#fig1){ref-type="fig"}). Thus, our data are consistent with the hypothesis that insect OS reduce plant defences by interfering with the induction of wound-responsive genes.

Kinetics of OS-triggered gene suppression
-----------------------------------------

To characterize the suppression of wound-responsive genes by insect OS further, two genes were selected from the list of suppressed genes ([Table 1](#tbl1){ref-type="table"}), an ERF/AP2 transcription factor (At5g61890, ERF/AP2 TF) and a protease inhibitor (At3g22620, PI). To test whether the difference in expression between wounding and *S. littoralis* OS application was really due to a suppression and not to a delay in gene induction between these two treatments, the effect of OS application was measured from 3 h to 48 h by real-time quantitative PCR (qPCR). OS from the specialist lepidopteran herbivore *P. brassicae* was also used in the same experiment. Suppression of ERF/AP2 TF was observed at all time points and was similar for both insect OS, with a marked effect 6 h and 10 h after treatment ([Fig. 2A](#fig2){ref-type="fig"}). For PI, suppression by both OS was relatively weak in the first 6 h but was significant from 10 h to 48 h ([Fig. 2B](#fig2){ref-type="fig"}). These data indicate that different insect OS suppress wound-induced gene expression in *Arabidopsis*.

![Kinetics of suppression of wound-responsive genes by insect oral secretions (OS). Expression of ERF/AP2 TF (A) and Protease Inhibitor (B) was monitored for several hours after wounding (black bars), and after treatment with *S. littoralis* OS (dark grey bars), or *P. brassicae* OS (light grey bars) by qPCR. Untreated plants were used as controls (white bars). Values (±SE) are normalized to the reference gene and each time point is the mean of at least three biological replicates. Statistical differences between wounding and OS treatment are indicated (Student's *t* test, \**P* value \<0.05, \*\**P* value \<0.01).](jexboterr308f02_ht){#fig2}

Suppression of wound-responsive genes is independent of jasmonic acid and salicylic acid pathways
-------------------------------------------------------------------------------------------------

Jasmonic acid (JA) plays a major signalling role in defence against chewing insects in different plant species ([@bib39]; [@bib25]; [@bib30]; [@bib50]). In *N. attenuata*, OS from tobacco hornworm *Manduca sexta* elicits a JA burst that is responsible for the induction of defence genes ([@bib17]; [@bib12]). To test whether ERF/AP2 TF and PI suppression requires a functional JA pathway, an *Arabidopsis coi1-1* mutant that is insensitive to JA was used ([@bib62]). OS from *S. littoralis* and *P. brassicae* suppressed the wound-induction of ERF/AP2 TF and PI to a similar extent in both wild-type and *coi1-1* plants ([Fig. 3A](#fig3){ref-type="fig"}), indicating that the suppression of ERF/AP2 TF and PI is JA-independent.

![Suppression of wound-responsive genes is independent of JA and SA pathways. Expression of ERF/AP2 TF and Protease Inhibitor was monitored by qPCR after wounding (black bars), and after treatment with *S. littoralis* OS (dark grey bars), or *P. brassicae* OS (light-grey bars) on the jasmonate-insensitive mutant *coi1-1* (A) and the SA-deficient mutant *sid2-1* (B). Untreated plants were used as controls (white bars). Values (±SE) are normalized to the reference gene and are the mean of two biological replicates. Statistical differences between wounding and OS treatment are indicated (Student's *t* test, \**P* value \<0.05, \*\**P* value \<0.01).](jexboterr308f03_ht){#fig3}

Salicylic acid (SA) is a potent inducer of pathogenesis-related genes and is involved in resistance against biotrophic pathogens ([@bib16]). Recently, a study found that OS from beet armyworm (*Spodoptera exigua)* elicit SA accumulation in *N. attenuata* and that this might interfere with JA-mediated resistance ([@bib12]). Similarly, suppression of two defence genes by *S. exigua* OS was alleviated in *Arabidopsis* mutants of the SA pathway ([@bib59]). It was therefore tested if suppression of ERF/AP2 TF and PI was affected in the SA-deficient mutant *sid2-1* ([@bib44]). Again, *S. littoralis* and *P. brassicae* OS suppressed the wound-induction of ERF/AP2 TF and PI in both wild-type and *sid2-1* plants, suggesting that SA was not required for the suppression of these genes ([Fig. 3B](#fig3){ref-type="fig"}).

Role of known OS elicitors in suppressing wound-responsive genes
----------------------------------------------------------------

Fatty acid--amino acid conjugates (FACs) are present in the OS of several lepidopteran caterpillars ([@bib48]) and modulate the expression of defence genes ([@bib17]). The fatty acid moiety originates from plant membranes and is conjugated to either GLN or GLU in the insect midgut ([@bib45]). The FACs composition of *S. littoralis* and *P. brassicae* OS was analysed by HPLC. Major FACs found in *S. littoralis* OS were 18:3-GLN and 17-hydroxy-18:3-GLN (volicitin), while 18:2-GLN and 18:2-GLU were present at much lower levels (see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online). For *P. brassicae* OS, only a small peak corresponding to 18:3-GLN could be detected. To assess the contribution of 18:3-derived FACs in the suppression of ERF/AP2 TF, caterpillars were fed with *Arabidopsis* fatty-acid desaturase triple mutant *fad3fad7fad8* that lacks 18:3 fatty acids ([@bib38]). Consequently, OS from insects feeding on *fad3fad7fad8* contained no 18:3-derived FACs, but had increased levels of 18:2-derived FACs (not shown). Suppression of ERF/AP2 TF by OS from insects fed with Col-0 or *fad3fad7fad8* plants was similar, indicating that the absence of 18:3-derived FACs did not diminish OS suppressive activity ([Fig. 4A](#fig4){ref-type="fig"}). In addition, when purified FACs were applied to wounded leaves, no suppression of ERF/AP2 TF was observed, suggesting that these elicitors are not involved in this phenomenon ([Fig. 4B](#fig4){ref-type="fig"}). Similarly, *fad3fad7fad8*-derived OS also suppressed PI wound-induction whereas purified FACs did not (not shown).

![Role of FACs in the suppression of wound-responsive genes. Expression of ERF/AP2 TF was monitored by qPCR after wounding (black bars), and after treatment with *S. littoralis* OS (dark grey bars), *P. brassicae* OS (light grey bars), or FACs (hatched bars) for 10 hr. Untreated plants were used as controls (white bars). (A) Larvae were fed with Col-0 or fad378 mutant plants lacking 18:3. (B) 1, 18:3-GLN; 2, 18:3-GLU; 3, 18:2-GLN; 4, 18:2-GLU. Values (±SE) are normalized to the reference gene and are the mean of two biological replicates. Statistical differences between wounding and OS treatment are indicated (Student's *t* test, \**P* value \<0.05, \*\**P* value \<0.01).](jexboterr308f04_ht){#fig4}

Glucose oxidase (GOX) is found in the saliva of lepidopteran larvae and is involved in the suppression of herbivore-induced resistance in Solanaceous plants and in *Medicago truncatula* ([@bib43], [@bib41]; [@bib6]). GOX activity was detected in *S. littoralis* OS but not in *P. brassicae* OS (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online), although both secretions equally suppressed wound-induced gene expression. When purified GOX was applied to wounded *Arabidopsis* leaves, no suppression of ERF/AP2 TF was observed (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online). In addition, *P. brassicae* OS that were boiled or filtered through a 3 kDa cut-off filter kept their suppressive activity (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online), suggesting that it is caused by small non-enzymatic compounds.

Most lepidopteran larvae have an alkaline pH in the midgut. *P. brassicae* and *S. littoralis* OS used in our experiments have a pH of 8.5--9.0 and this could affect the expression of defence genes. However, intact *P. brassicae* OS and *P. brassicae* OS that were passed through an ion-exchange column and had a pH of 3.5 inhibited ERF/AP2 TF and PI expression to a similar extent, thus excluding that a pH effect was the cause of this suppression (not shown).

OS treatment attenuates wound-induced leaf water loss
-----------------------------------------------------

An analysis of expression profiles of suppressed genes ([Table 1](#tbl1){ref-type="table"}) in publicly available microarray databases, carried out with the Genevestigator tool (<http://www.genevestigator.com>) ([@bib64]), indicated that some of these genes are induced in response to drought. It was therefore reasoned that the suppressive effect of OS might be related to a difference in water loss between wounded and OS-treated leaves. To test this hypothesis, the water loss of detached *Arabidopsis* leaves, that were either intact, wounded, or treated with OS, was measured. Whereas intact leaves lost only 31±2% of their initial fresh weight over a period of 6 h, wounded leaves lost 59±2% of their weight ([Fig. 5](#fig5){ref-type="fig"}). Interestingly, leaves treated with OS lost significantly less water than wounded leaves (47±2%), but still more than intact leaves, indicating that OS application on the wound site was attenuating leaf water loss. This effect was found with both *P. brassicae* and *S. littoralis* OS (see [Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) at *JXB* online).

![Insect OS reduce wound-induced water loss. Leaves were wounded (open squares) or treated with *P. brassicae* OS (open circles). Untreated plants were used as controls (filled circles). Fresh weight of detached leaves was measured for 6 h. Values (±SE) are the mean of 30 leaves and are expressed relative to the initial fresh weight.](jexboterr308f05_lw){#fig5}

Discussion
==========

In this study, several *Arabidopsis* genes were identified that had a significantly lower induction in response to insect OS treatment than in response to wounding. In addition, larvae gained more weight when feeding on OS-treated plants than on wounded plants. The most straightforward interpretation of these results is that compounds in the OS and/or some properties of these secretions are able to suppress the wound-induced expression of defence genes, leading to a better larval growth. This implies that the resistance provided by mechanical wounding is equivalent to the resistance caused by insect-induced mechanical damage, but that the latter is counteracted by the suppressive activity of OS. Although it is experimentally difficult to separate the wound response inflicted by insect feeding from the effects of OS, this hypothesis is corroborated by studies showing that the macroscopical damage caused by mechanical wounding is very similar to that caused by insect feeding ([@bib33]), that the majority of genes induced by herbivory are also induced by mechanical wounding ([@bib50]), and that feeding by insects with ablated spinnerets triggers a higher resistance to larvae than feeding by insects with intact spinnerets ([@bib43]). Once the chemical nature of insect suppressors is known, further experiments will be necessary to demonstrate that plant treatment with purified suppressors is indeed able to attenuate wound-induced resistance caused by insect feeding.

Although there is some discussion about the exact amount of OS that are in contact with wounded tissue during insect feeding ([@bib47]), our results unequivocally show that insect OS can suppress wound-induced gene expression in *Arabidopsis*. In addition, the finding that OS from two unrelated insects, a specialist and a generalist, have similar suppressive activity suggests that this corresponds to a general property of insect OS. There is substantial information on OS elicitors that amplify the wound response in plants, including FACs, hydrolytic enzymes, proteolytic degradations products, and sulphated fatty acids ([@bib63]; [@bib21]). However, much less is known about the nature of OS that can suppress defence gene activation. It is shown here that FACs and GOX are not responsible for suppressing wound-inducible genes in *Arabidopsis*. Moreover, the finding that boiled OS as well as OS components smaller than 3 kDa are still active in suppressing gene expression excludes other known salivary elicitors of proteinaceous nature, including a β-glucosidase present in *P. brassicae* OS ([@bib36]), or a heat-sensitive protein from Colorado potato beetle OS ([@bib28]).

Using *coi1-1* and *sid2-1* mutants, it has been shown that the suppressive activity of insect OS in *Arabidopsis* was independent of the JA and SA signalling pathways. That the suppression is independent of the JA pathway is rather surprising, given the importance of this pathway in defence against herbivory. Indeed, JA controls the expression of a majority of insect-inducible genes ([@bib50]) and mutant plants deficient in JA signalling, including *coi1-1*, are more susceptible to insect pests than wild-type plants ([@bib25], [@bib30]; [@bib50]). Similarly to bacterial effectors that inhibit signalling components of the innate immune response ([@bib9]), it would have been reasonable to postulate that insect OS inhibit the JA pathway. Although it is possible that insect OS target signalling components that act downstream of COI1, for example, JAZ repressors or MYC transcription factors, it is likely that the suppression operates through another mechanism. Thus, further studies will be needed to identify the exact nature of suppressors in *P. brassicae* and *S. littoralis* OS and to unravel signalling events leading to the inhibition of defence gene expression in *Arabidopsis*. In addition, it would be interesting to test whether a wound-induced resistance is observed in *coi1-1* plants to assess the contribution of JA-independent gene expression in defence against herbivores.

Interestingly, leaves treated with OS lost significantly less water than wounded leaves. Insect OS is a complex mixture composed of saliva mixed with ingested leaf material. A study of the physico-chemical properties of several lepidopteran OS has shown that they have ampiphilic properties, independent of insect diet, and spread on hydrophobic glass surfaces ([@bib53]). OS intrinsic detergent properties might modify plant membranes at the wound site and either 'seal' the surface opened to the air as a result of biting or interfere with water stress signalling pathway. However, a different water loss was not observed between wounded leaves and leaves treated with a detergent (0.01% Triton X-100) or with a FAC (1 mM 18:3-GLN) (data not shown), excluding this hypothesis. Insect OS generate channel-like pores of varying conductivity in plant membranes ([@bib31]). These pores might be responsible for the early events that follow insect attack, including membrane depolarization and ion fluxes ([@bib32], [@bib33]; [@bib34]). Whether OS reduce water stress through physico-chemical effects or through signalling events will be the subject of future research.

Although there is convincing evidence for a suppression of defence genes by insect OS, a direct effect on insect performance has rarely been demonstrated ([@bib43]; [@bib55]). It was found that *S. littoralis* larvae grew better on plants treated with OS than on wounded plants, suggesting that OS efficiently inhibited plant defences. The list of suppressed genes contains two protease inhibitors (At3g22600, At3g22620) that might inhibit larval digestion or development. Other genes encode proteins located in the extracellular matrix and might either participate in cell wall reinforcement or modify the digestibility of its components. The role of the ERF/AP2 transcription factor is unknown but it will be interesting to test in the future whether it regulates the expression of defence genes, for instance, by testing transgenic lines that over-express this gene. However, our findings that the suppression of wound-responsive genes by insect OS is correlated with an increased larval performance strongly suggests that these genes play a role in defence against herbivory.

Chewing herbivores are not the only types of insects that suppress defences. Aphids ingesting phloem sap from sieve tubes trigger a calcium-dependent plugging mechanism by the plant to block sap loss. Saliva from *Megoura viciae* contains calcium-binding proteins that prevent sieve tube plugging and thus provides aphids with a continuous flow of nutrients ([@bib60]). The spider mite *Tetranychus urticae* displays intraspecific variation and some lines were shown to suppress the defences of tomato plants and to perform much better on their host ([@bib23]; [@bib55]). Since mites inject saliva into the cells of their host plants, it is plausible that saliva from these lines contains suppressors. Thus, there is increasing evidence that insects, like microbial and fungal pathogens, are equipped with diverse strategies and effectors to inhibit plant defence responses.

In conclusion, it was found that OS from two lepidopteran species suppress the induction of wound-responsive genes, by potentially inhibiting plant water-stress responses, and that this is correlated to an enhanced performance of feeding larvae. Our results are consistent with the notion that expression of plant defence may result from the antagonistic actions of inductive and suppressive signals, illustrating the long-lasting evolutionary arms race between plants and insects.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1) can be found at *JXB* online.

[**Supplementary Table S1**](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1)**.** List of genes up-regulated 6 h or 24 h after wounding.

[**Supplementary Table S2**](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1)**.** Suppression of wound-responsive genes by insect OS or insect herbivory.

[**Supplementary Fig. S1**](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1)**.** HPLC chromatogram of insect OS.

[**Supplementary Fig. S2**](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1)**.** OS suppression of wound-responsive genes does not require an enzymatic activity.

[**Supplementary Fig. S3**](http://jxb.oxfordjournals.org/cgi/content/full/err308/DC1)**.** *P. brassicae* and *S. littoralis* OS reduce wound-induced water loss.
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